We used aerial black-and-white and color photography, in conjunction with multispectral IKONOS satellite imagery, to classify mangrove vegetation and to characterize the spatial distribution of deforestation from 1986 to 2003 at Twin Cays, an intertidal mangrove archipelago located in the Mesoamerican Bamer Reef ecosystem in Belize, Central America. The classification map consists of seven classes and 29 subclasses that reflect the present (up to 2003) condition of mangrove forests (e.g., species, growth status, and deforestation) in the island. Land cover change analysis during this 15-year period showed a 52% increase in deforestation of mangrove communities across the archipelago, the creation of numerous survey lines, and the disappearance of parts of the fringe zone. The vegetation map presented in this study will help us develop spatial relationships at the plot and landscape scales between mangrove growth patterns and biogeochemical, nutrient cycling processes, and hydrological data in follow up studies. Our results could also be used by natural resource managers as a decision-making tool for sustainable management of mangrove tropical ecosystems in the Caribbean and other regions.
INTRODUCTION
The ecological importance of mangrove forests in tropical areas has long been recognized (Chapman, 1969; Blasco, 1988 a,b) . Mangrove forests are a characteristic feature of coastal shorelines and reef ecosystems of the tropics and subtropics; their root systems (prop roots and pneumatophores) stabilize the sediment, dampen wave energy, provide habitat and shelter for numerous organisms, and form the base of the nearshore marine foodweb (Vicente et al., 1993) .
A partial regional inventory (Snedaker, 1993) estimated that the five species (Avicennia germinans L. Steam, Comocalpus erectus L., Laguncularia racemosa L., Gaertn. F., Pelliciera rhizophorae Triana and Planchon, and Rhizophora mangle L.) that form the mangrove flora of the Intra-Americas Sea occupy an area of approximately 3.2 million hectares or -15% of an estimated total world area of mangroves of 22 million hectares. Snedaker (1993) also showed that in Belize, island and land area of mangrove forests has been estimated as 75,000 ha (Fisheries Unit Laboratory, Belize City), 100,000 ' ~mithsonian Environmental Research Center, PO Box 28, Edgewater, MD 21037 ha (Klaus Riitzler, Smithsonian Institution, Washington), and 244,000 ha (Oscar Rosado, Ministry of Natural Resources, Belmopan).
In Central America and the Caribbean, deforestation practices for farming and development purposes have been the direct cause of destruction of mangrove communities (Ibrahim and Hashim, 1990; Ramirez-Garcia et al., 1998; Chauvaud et al., 2001 ; Sanchez-Azofeifa et al., 2003) . Clearing of mangrove forests continues up to the present throughout the tropics, and it is especially worrisome when it happens in peatbased islands like Twin Cays (Macintyre et al., 1995) along the Belizean reef system. With that type of geomorphology human pressures to develop the landscape would only bring rapid ecological degradation.
In the Mesoamerican Barrier Reef ecosystem along the Belize coast, research carried out over approximately two decades has focused on the biodiversity, nutrient cycling, biogeochemistry, and sensitivity of mangrove forests existing in tidal islands like Twin Cays (e.g., Feller, 1995; Riitzler and Feller, 1996; McKee et al., 2002; Feller et al., 2003 a,b,c) . Woodroffe (1 995) conducted a vegetation classification of Twin Cays based on seven categories of land cover (e.g., unvegetated flat, Rhizophora scrub, Rhizophora thicket, Rhizophora woodland, Avicennia woodland, Avicennia open woodland with Rhizophora scrub, and dead Rhizophora). His classification was an important first step but it was not detailed enough to discriminate mangrove status in relation to hydrology, nutrient availability, and disturbance. Characterization and quantification of the spatial heterogeneity of these processes are needed to understand the history of mangrove growth and to predict the impact of future landscape changes to these sensitive ecosystems.
As our understanding of a number of ecological processes (i.e., nutrient cycling, hydrology) in island mangrove forests in the Caribbean evolves, there is a need for an accurate and detailed characterization and monitoring of land uselcover status, and landcover change. Land use refers to human influences and productive aspects of the landscape, while land cover describes the biophysical attributes of the surface. Land cover is a fundamental parameter that provides a descriptive definition of the biomes present at a location. It is regarded as the most important aspect of global change affecting ecological systems (Vitousek, 1994) . Land cover also has significant effects on basic ecological processes, including biogeochemical cycling, global warming (Skole and Tucker, 1993; Penner, 1994) and soil erosion, which affects land use sustainability (Douglas, 1999) . Land cover is also estimated to be the most important variable affecting biodiversity (Chapin et al., 2000; August et al., 2002) . Human induced land-cover changes are significant and are more relevant to change detection than natural causes (Running et al., 1999) .
Use of remotely sensed data has been fundamental in the quantification of landcover at different scales. The recent deployment of satellite sensors such as IKONOS (Space Imagining Corp., Thornton, CO, USA) launched in 1999 provides the finest spatial resolution publicly available from space -1 -m panchromatic and 4-m multispectral (blue, green, red, and near-infrared (Table 1) ) -with high radiometric fidelity and geometric accuracy (Dial et al., 2003; Zanoni and Goward, 2003) . The ease of its integration with other geographical digital data (i.e., aerial photography) within a Geographic Information System (GIs) presents an ideal platform to advance study of the biocomplexity of mangrove communities in the Caribbean. Classification of tropical ecosystems using high-resolution, remotely-sensed images is a cost-effective method to update and quantify land-cover distributional patterns and spatio-temporal changes in island ecosystems due to natural or anthropogenic pressures including deforestation, the dynamics of clearing, abandonment, regrowth and re-clearing.
Our main objectives in this study were to: 1) characterize the spatial distribution of mangrove species as it relates to growth, tidal influence, and human disturbance using high spatial resolution (1-m) aerial photography and IKONOS satellite data; and 2) quantify land-cover changes resulting from deforestation over a 15-year period from 1986 to 2003. An important goal of this study was to determine the current state (until December 2003) of mangrove forests in Twin Cays. That information is critical in the spatial integration of hydrological and biogeochemical data and their relationship to mangrove growth. The new functional classification presented in this manuscript will also serve as the principal reference data for a subsequent image classification of IKONOS satellite imagery based on computerized spectral pattern recognition. 
METHODS

Study Area
This study was conducted in Twin Cays, a peat-based archipelago of off-shore mangrove islands just inside the crest of the barrier reef of central Belize, approximately 12 krn from the mainland. Most of the 75 ha of land mass at Twin Cays is in two islands, East Island and West Island. The geology of the island consists of a carbonate substrate made up of a dense limestone formed by finger corals and mollusk fragments overlaid by 8 to 12 m of peat that has accumulated over the past 8000 years (Macintyre et al., 1995) . Twin Cays receives no terrigenous inputs of fkeshwater or sediments. The shoreline gradient is intertidal but physiognomically varied and interrupted by tidal creeks that bring water into the interior area of the island flats and shallow ponds. The vegetation is dominated by Rhizophora mangle L. (red mangrove), Avicennia germinans (black mangrove), and Laguncularia racemosa (white mangrove). Forests here are characterized by a pronounced tree-height gradient, which parallels other gradients such as productivity and tidal flushing. The tree-height gradient can be subdivided into three zones. From the sea to landward, the seaward-most zone is a narrow fringe of uniformly tall red mangrove trees (5-6 m). Next is a transition zone (2-4 m tall), where all three mangrove species are present, followed by a zone of uniformly stunted, dwarf red mangrove trees (-1.5 m), which form vast stands in the interior of the islands. The Smithsonian Institution's Marine Field Station on nearby Carrie Bow Cay, approximately 5 km from the study site, provided laboratory, living accommodations, and logistical support during the fieldwork (Riitzler and Feller, 1996) . Staging of equipment and boat support were also provided at the Smithsonian's research station.
Data and Image Processing
Characteristics of the digital data used in this study are presented in Table 2 Image preprocessing of satellite imagery consisted of radiometric and geometric corrections, and spectral enhancement prior to classification and change detection analysis. For geometric correction of both aerial and satellite data, we used the image-toimage registration method with the IKONOS 2001 image as reference. All images were georeferenced to the Universal Transverse Mercator (UTM) coordinate system, and spatial resolution was maintained at 1 m. The root-mean-square error between scene coregistrations was maintained at f 0.5 pixels to avoid misregistration problems. Because of image warping and other inconsistencies found in the aerial photography data that prevented their perfect overlay on the new satellite data, we used a rubber-sheet model with approximately 320 Ground Control Points (GCPs) in their coregistration process. Spectral enhancement was done on both IKONOS images to help us in the creation of boundary polygons and vegetation classification; they included: Principal Component Analysis (PCA), Normalized Difference Vegetation Index (NDVI), natural color, and transformation of red, green, and blue (RGB) values to intensity, hue, and saturation (MS) values (ERDAS 2003) . Image processing was done with ERDAS Imagine 8.6 software (ERDAS Atlanta, GA, USA). All data were integrated into a GIs for storage, update and subsequent geographic analysis.
Land-Cover Classification
To inventory and map mangrove forests and other land cover types, it is necessary to classify remotely-sensed images into land cover categories or types. This is called thematic mapping of land-cover "themes". A number of classification schemes have been developed that can incorporate land-use andfor land-cover data obtained by interpreting remotely-sensed data. The U.S. Geological Survey Land UseILand Cover Classification System (Anderson et al., 1976; USGS, 1992 ) is a resource-oriented (landcover) scheme with eight main categories. This system contrasts with various human activity (land-use) oriented systems, such as the Standard Land Use Coding Manual (Jensen et al., 1983) or the U.S. Fish and Wildlife Service (Cowardin et al., 1979) system, which is widely used to characterize wetland systems based on hydrological, soil, and vegetation characteristics.
Classification of land-cover types in Twin Cays began with on-screen visualinterpretation and digitization of mangrove and landscape features from aerial photography taken in March 2003 and was finalized with new thematic information extracted from satellite data from December 2003 in which the latest deforestation on East Island was clearly visible (Fig.1) . The 2003 classification map was used as baseline data to classify the 1986 black-and-white image into general land cover classes (i.e., forest, ponds, etc.). Reference or ancillary data consisted of ground-truthing done for two weeks in August 2003 , oblique aerial photos taken in March 2003, satellite data from 2001, and expert knowledge. Classification was accomplished using ArcInfo 8.3 (ESRI, Redlands, USA) and ERDAS Imagine 8.6 software. Classification of satellite images based on computer data categorization (spectral analysis) will be presented in a second manuscript. 
Change Detection Analysis
Two methods of change analyses were performed in this study. The first involved a simple comparison of selected land cover classes to quantify their overall percent change from 1986 to 2003. The second method of change detection is called postclassification comparison (Singh, 1986; Jensen, 1996) . The advantages of this technique are that it provides 'from-to' information for each pixel and does not require data normalization (e.g., reduction of interscene variability resulting from differing atmospheric conditions, radiation incidence angle, and detector disparity) because the two dates are classified separately (Singh, 1989) . However, this method does propagate error from the initial land cover maps-the accuracy of the resulting change map is dependent on the accuracy of the land cover maps used to create it (Jensen, 1996) .
With five vegetationlland cover categories (U, D, B, S, F) a matrix of dimension 5
x 5 is formed, producing a total of 25 possible combinations of 'from-to' change classes (Table 3 ). Since we were specifically interested in quantifying changes in forest cover only five combinations were included in the analysis: undisturbed-forest to deforested (UD), undisturbed-forest to beach erosion (UB), undisturbed-forest to survey lines (US), deforested to undisturbed-forest (DU), and deforested to beach erosion (DB). Because creation of survey lines on the landscape entails some deforestation, we decided to merge deforested and survey lines classes for change analysis. 
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Note: since beach erosion and survey lines were not in evidence in the 1986 data, only undisturbed and deforested classes were considered in the "from-to" change analysis. In t h s study the change classes of interest included: UU, UD, UB, US, DU, DD, and DS. Shaded classes were not considered for analysis.
RESULTS
Land-Cover Classification
Using satellite and aerial photography data we were able to characterize with a high level of detail the status of mangrove forest communities in Twin Cays. The resource-oriented classification scheme developed in our study was primarily based on forest structure characteristics (e.g., height, density, and growth) and tidal-flow influences on mangrove vegetation. Classification consisted of seven general classes (Level I) and 29 subclasses (Level 11) (Table 4 and Fig. 2) .
A breakdown of level I1 classes showed 78% of the total landscape in Twin Cays, during the year 2003, characterized by six land cover types which included: (1) R. mangle dwarf with 25%; (2) mixed woodland with 15%; (3) h n g e with 13%; (4) open pond dwarf with 10%; (5) clearcut areas with 8%; and (6) R. mangle floc zones (e.g. areas of decaying algal material) with approximately 7% (Table 5) . Although deforested land did not make up a large percentage of the total area of Twin Cays, a recent land clearing event where 21,335 m2 (see zone LC-2 in Fig. 2 ) of mangrove were cut between March and December in 2003 suggests that deforestation events will likely continue into the future.
Other thematic classes with an important ecological spatial-temporal component include algal mats, diebacks, hydrology-zone trees and relic fnnge. Feller et al. (2003 a, c) have related these zones to nutrient cycling and biogeochemical processes influencing mangrove growth in Twin Cays.
Land-Cover Change
The spatial distribution of anthropogenic disturbance at Twin Cays during 1986 and 2003 are shown in Figures 3 and 4 . An overall comparison of five land cover classes during this 15-year period showed a 52% increase in deforestation of mangrove communities across the archipelago, a 6% decrease in undisturbed mangrove forests, as well the creation of survey lines and the disappearance of parts of the h n g e zone (Table  6) .
Results from the overall comparison do not quantify land-cover changes occurring from one particular class to another, information that is necessary because change could be natural andor anthropogenic. Post-classification change detection analysis quantifies those 'from-to' land cover categories changes. A selected number of these more detailed changes are presented in Table 7 , and their spatial distribution is shown in Figure 5 . Results for the undisturbed-forest category showed that on a percentage basis, change from undisturbed forest to other categories was relatively small, i.e., 90% of forest in 1986 remained undisturbed in 2003. Change to deforested areas reached 8%, beach erosion 0.3 %, and losses in mangrove forests in the fringe zone (rim of the island) about 1 %. Results for the deforested category showed and interesting result for the change from deforested to undisturbed-forest (DU) (i.e., forest regeneration). This change represented a 46% regeneration of deforested mangrove areas computed from the 1986 data.
Changes in the total area of Twin Cays showed increases of mangrove forest in the h n g e zone totaling12,850 m2, most of if found on the southwest section of West Island (Fig. 5) . Nevertheless, this gain in mangrove vegetation was somewhat offset by h n g e losses in East Island that ranged from 4,762 m2 to 7,968 m2. The higher value was the result of including beach erosion in the fringe-loss category. Note: 
DISCUSSION
"Habitat fragmentation is the most serious threat to biological diversity and is the primary cause of the present extinction crisis" (Wilcox and Murphy, 1985) . Habitat fragmentation causes the fracture of ecosystem processes, it hinders dispersal and movement of species, and it also increases invasion from generalists into the interior of isolated habitats. Spatio-temporal processes in mangrove forest communities have not been studied extensively. Spatial patterns play an important part in plant community dynamics. These patterns reflect a complex series of interactions of past-and-present events and form the basis for future states of growth and condition (Herben et al., 2000) .
Land Cover Classification
We have used multitemporal and multispectral data to classify and characterize the landscape in Twin Cays archipelago. The high number of vegetation themes (e.g., 29 land-cover classes) used in the classification presented in this study were the result of an effort-intensive methodology based on visual-interpretation, on-screen digitization, ground-truthing, and expert knowledge. The next step in our analysis will be to classify satellite data based on computerized spectral-pattern recognition using the present classification results as training polygons, reducing processing time and providing accurate characterization of other areas along the Mesoamerican Barrier Reef and the coast of Belize.
The land-cover classification developed in this study is part of the basic digital database needed in the development of a comprehensive spatially-explicit biogeochemical model of mangrove forests at the field and landscape scales (i.e., distribution of Net Primary Productivity (NPP) of mangrove forests). Such quantitiative information can be important in sustainable resource management and climate change studies.
Land Cover Change
In change detection analysis, each natural and anthropogenic change in the landscape has a characteristic cause and effect. It is important to inventory all of the forms of change. The natural changes often dictate human action, and form the basis for much environmental research. The human change is important to inventory to determine the long term effects to undisturbed mangrove forests. This, in turn, will help interested parties to define the kind of policy that encourages intelligent use of mangrove forest resources and protects their valuable contribution to the overall health of the Belizean Reef ecosystem.
Land-cover change in Twin Cays has been dramatic during a 15-year period and it is clear that it can occur within very short periods of time as it was found from imagery taken within a 9-mo interval in 2003. The impact of this type of deforestation on mangrove net primary productivity and other biogeochemical-and nutrient-cycling processes in Twin Cays is still unknown. The series of aerial photographs and satellite images from 1986,2001, and 2003 revealed that the changes in the Twin Cays' landscape were mainly attributable to anthropogenic activity. Additional oblique photographs of the islands taken in 1991 are our first records of survey lines in the island's interior which were cut to mark the boundary lines of at least seven leases to land at Twin Cays. These lines remain clearly visible in the subsequent aerial photographs and satellite images and have been quantified in the study presented here (Fig.5) . In some instances, the areas delineated by the survey lines were later deforested. In addition, two of the clear-cut areas were filled with bottom materials dredged from adjacent waters. Change detection analysis showed that 6% of the landmass at Twin Cays had gone from undisturbed to disturbed. However, observations while ground-truthing these data suggest that hydrological changes caused by the cutting of mangroves have magnified the impact of the disturbance. For example, newly formed tidal channels have developed along the survey lines and have altered the water-flow patterns into the interior of the island. Thus, they provide a more rapid and frequent renewal of ocean water to interior ponds. Wright et al. (1991) showed that prior to these survey tracks, tidal exchange in these areas was extremely restricted. We observed that the growth pattern of dwarf forest along these survey lines had changed in response to the altered hydrological regimes. As a result, we created a vegetation class, hydrology-zone trees, to describe the distinctive stands of vigorously growing trees found along these newly formed tidal creeks. Studies are continuing to investigate the relationship of the hydrologic changes, tidal flushing, nutrients, and mangrove growth characteristics. Experimental studies at Twin Cays have recently documented a spatial N-to P-limitation gradient across the tree-height gradient, with fringe trees N-limited and dwarf trees P-limited (Feller et al., 2003a) . Fertilization with N or P also altered nutrient concentrations of the mangrove tissue. Within 5 yrs, Pfertilized dwarfs were transformed into tall, vigorous trees, similar in growth, nutrient content, and architecture to similar fringe trees located in the hydrology zone.
CONCLUSIONS
Integration of aerial photography and multitemporal, multispectral high spatial resolution satellite imagery within a GIs was used to classify and characterize the status of mangrove forests in Twin Cays. We have developed a number of functional classification themes of mangrove forests based on species, growth status, and deforestation. Results from this new classification will be the basis for future geospatial modeling of the spatial connectivity between nutrient accumulation zones (i.e., algal mats), water-flow changes, and mangrove growth in the island. We have also quantified the changes in mangrove forest cover during the 1986 to 2003 period. Deforestation of mangrove forests has been concentrated mostly on East Island, and seem to continue unabated as recent visits to the island confirm it.
To test and develop new hypotheses of forest change and fragmentation resulting from anthropogenic pressures, the integration of high-spatial multitemporal and multispectral remote sensing1GIS techniques should be applied to the rest of the Mesoamerican Barrier Reef Ecosystem and mainland coastal mangrove ecosystems. From the point of view of mangrove forest conservation and sustainable resource development in the barrier-reef ecosystem, it is clear that new approaches and mechanisms, such landscape and regional monitoring, as well as the creation of buffer zones around protected areas, could be important goals of government and park managers.
